Background--The impact of the coronary artery bypass grafting (CABG) technique (on-versus off-pump, single versus multiple aortic clamping) on postoperative neurological outcome remains a matter of controversy. The aim of this study was to assess the association between the incidence of postoperative stroke and the degree of aortic manipulation in one of the largest contemporary CABG series.
extent of the aortic manipulation. 8 Several investigations have attempted to correlate aortic manipulation with postoperative stroke rate after CABG and have almost unanimously reported a direct correlation between the 2 variables. 1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The reduction of aortic manipulation has typically been achieved by using offpump (OPCAB) surgery and/or limited or no aortic clamping.
All of the published series, however, were limited by relatively small sample sizes and, because of the low rate of stroke after CABG, limited statistical power.
In this study, we aimed to identify the independent predictors of stroke in one of the largest contemporary nonregistry series of patients with CABG. We hypothesized that the degree of aortic manipulation is associated with postoperative stroke rate. We assumed the degree of aortic manipulation to be higher for on-pump versus off-pump surgery and for multiple versus single or no aortic clamping.
Materials and Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request. This was a retrospective analysis of prospective collected data from 9 cardiac centers in Italy and the United States (list of centers provided in Data S1) including patients undergoing surgery between 2010 and 2018. All patients consented to surgery. The need for retrospective consent to data collection was waived by local ethical committees. A common data set, with agreed definitions and variables, was used for this study. Only in-hospital events and outcomes were assessed. Inclusion criteria were isolated elective CABG in adult patients and absence of preoperative neurological deficit.
Each data frame from each center was saved in .csv format and double-checked for consistency and possible errors (eg, extreme outliers/wrong coding). Inconsistencies were resolved after consultation with the local principal investigator. The 9 data frames were then merged and uploaded in a common data set for the analysis.
The study was approved by the ethical committee of the Community Hospital, Brescia, Italy (nr. 1434, 04/03/2014) and further released to each participating center for local approval.
Outcomes and Analytic Plan
The primary outcome was postoperative stroke defined as a postoperative neurological deficit lasting more than 24 hours and associated with evidence of a brain lesion on computed tomography.
The main aim of the analysis was to assess whether the amount of aortic manipulation was associated with the primary outcome. We classified the degree of aortic manipulation as highest in on-pump CABG (ONCAB) with multiple aortic clamping and progressively lower for ONCAB with single aortic clamping, off-pump CABG (OPCAB) with multiple aortic clamping, and OPCAB with single or no aortic clamping.
To compare OPCAB and ONCAB, patients in the 2 groups were matched using propensity score matching. The aortic clamping strategy was included in the matching model.
To evaluate the association of the clamping strategy with postoperative stroke in the OPCAB and ONCAB groups a multivariable regression model was used in the 2 unmatched cohorts.
Statistical Analysis
Continuous variables were tested for normality with Shapiro-Wilk test and were reported as mean and SD or median and interquartile range; t test or Wilcoxon-Mann-Whitney test were used to compare continuous variables. Categorical variables were reported as counts and percentages and compared with chi-square test.
Propensity score matching was used to balance the distributions of measured confounding baseline covariates between the OPCAB and ONCAB groups. Variables included in the propensity score matching model were age, sex, left ventricular function, systemic hypertension, insulin-dependent and noninsulin-dependent diabetes mellitus, chronic obstructive pulmonary disease, stroke history, transient ischemic attack history, carotid stenosis (>50%), peripheral vascular disease, renal dysfunction, previous percutaneous coronary intervention, preoperative intra-aortic balloon pump, number of vessels disease, and redo surgery. A 1:1 nearest neighbor matching model was used.
A multivariable logistic regression model was used instead to assess the effect of multiple variables on postoperative stroke in the OPCAB and ONCAB unmatched populations. Variables included in the model were all of the baseline patient characteristics, the center, and the use of singleclamp or lateral-side bite clamping (for the ONCAB) and use of single or multiple lateral-side bite clamping (for the OPCAB).
Clinical Perspective
What Is New?
• Off-pump coronary artery bypass and the use of single aortic clamping with on-pump coronary artery bypass are associated with a reduced incidence of postoperative stroke.
What Are the Clinical Implications?
• Our data confirm a strong association between aortic manipulation and neurological outcome after coronary artery bypass surgery.
Model discrimination was evaluated by the area under the receiver operating characteristic curve. R version 3.1.2 (2014-10-31) was used for all statistical analyses and P value significance was set at 0.05.
Results
From the 9 institutional databases, 25 388 patients with isolated CABG were included (17 231 with ONCAB and 8157 with OPCAB). Two centers performed more OPCAB procedures than ONCAB (2740/1268 and 1998/944, with the OPCAB/ONCAB pump, respectively), while the others used the ONCAB strategy more frequently. One center performed OPCAB surgery only. Table 1 reports the baseline characteristics of the overall population and the OPCAB and ONCAB groups (the baseline characteristics and postoperative outcomes in the ONCAB and OPCAB groups stratified according to the clamping technique adopted are reported in Table 2 ). In the unmatched population, the incidence of postoperative stroke was significantly lower in the off-pump group (53 versus 141 strokes, 0.6% versus 0.8% with OPCAB versus ONCAB, respectively; P=0.02). OPCAB was also associated with significantly lower in-hospital mortality rates (134 versus 500 deaths, 1.6% versus 2.9% death rates in OPCAB versus ONCAB, respectively; P<0.001) and significantly lower re-exploration for bleeding, need for blood transfusion, and incidence of atrial fibrillation and renal failure ( Table 1) .
Propensity Matched Comparison
After propensity matching, 4131 matched pairs with limited heterogeneity were generated, for a total sample size of 8262 patients, or 32.5% of the original cohort ( Table 3 , Figure S1A and S1B).
Fifty patients had postpostoperative stroke in the ONCAB group and 18 in the OPCAB group (1.2% versus 0.4%, respectively; P=0.02). Other relevant postoperative outcomes are reported in Table 3 . The area under the receiver operating characteristic curve was 0.81 ( Figure 2) . When the single-clamp technique was used the incidence of stroke in the matched population was 0.1% for ONCAB versus 0.3% for OPCAB (P=0.1).
A sensitivity analysis was performed in the overall unmatched populations (ONCAB and OPCAB) by excluding the ONCAB group with multiple aortic clamping. The use of single aortic clamping was associated with a lower incidence of postoperative stroke (OR, 0.06; 95% CI, 0.009 to 0.08 [P<0.001]).
Discussion
This series is one of the largest contemporary nonregistry CABG cohorts. Our results suggest that the extent of ascending aortic manipulation during CABG is associated with postoperative stroke rate. In fact, the use of OPCAB and the single-clamp technique during ONCAB were associated with significantly lower postoperative stroke rates.
Several studies have shown stroke rates after CABG ranging from 0.5% to 3%. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The occurrence of such adverse events in patients with CABG indicates a poor prognosis with regards to morbidity and mortality. [1] [2] [3] [4] In a study analyzing almost 670 000 patients from the Nationwide Inpatient Sample from 1999 to 2011, stroke rate was 1.9%, with 2.1% and 49% of mortality and morbidity, respectively, leading to a 5-fold increased risk of operative death and complications. 4 Of note, while mortality steadily decreased over the years (from 2.7% to 1.6%), the event rate of neurological complications steadily increased during the study period. 4 Our findings are in accordance with published data, showing a relatively low rate of stroke after isolated CABG (<1%) and significantly higher in-hospital mortality rate in patients who experienced postoperative stroke (32.4% versus 2.2% nonstroke patients, P<0.001).
Age, chronic renal failure, recent myocardial infarction, previous cerebrovascular accident, hypertension, diabetes mellitus, left ventricular dysfunction, low cardiac output syndrome, atrial fibrillation, cerebrovascular disease, and use of intra-aortic balloon pump have all been shown to increase the risk of postoperative neurologic events. 1, 2, [5] [6] [7] The effect of aortic clamping strategy on postoperative neurological complications was addressed by Calafiore et al 13 in 2002 and subsequently by several other authors. [8] [9] [10] [11] [12] 14 Daniel et al 12 showed that the single-clamp technique was significantly associated with reduced neurological events as compared with multiple aortic clamping. In a series of 12 000 patients with CABG, the use of an aortic facilitating device to perform the proximal anastomosis significantly reduced the rate of stroke after CABG, but was inferior to the no-aortic touch technique. 10 Of note, the use of the single-clamp technique in ONCAB allows the user to choose the most optimal site to perform the anastomosis. It also provides faster delivery of antegrade cardioplegia to the more ischemic, vulnerable areas of the myocardium during the cross-clamp period when saphenous vein grafts are used, and makes measuring the length of the needed graft material easier (therefore optimizing the quantity of conduit needed). On the other hand, cross-clamp times may be longer (especially when training residents).
The absolute absence of aortic manipulation (so-called "anaortic" technique) seems to provide even additional neurological protection. Vallely et al. 11 reported that the anaortic strategy resulted in 0.25% of neurologic adverse events as compared with 1.1% in the groups with sideclamping for proximal anastomoses. Other studies reported postoperative stroke in the 0.2% to 0.3% range using the anaortic technique. [14] [15] [16] 20 A randomized study comparing ONCAB versus OPCAB in a limited patient population showed a reduced cerebral embolism in patients with OPCAB who had a better neurocognitive score at discharge. 18 The difference in neurocognitive impairment between the 2 groups, however, was not significant at 6 weeks or 6 months after surgery. 18 Marui et al 17 showed that, despite no difference in terms of 30-day mortality between patients with ONCAB and OPCAB, the OR of postoperative stroke in ONCAB versus OPCAB for high-risk patients (Euroscore >6%) was 8.30 (95% CI, 2.25-30.7; P<0.01). Hammon and associates, 8 however, reported that the use of the single cross-clamp ONCAB technique achieved similar stroke rates than OPCAB as well as similar postoperative neurocognitive dysfunction. In a small randomized trial comparing single and multiple aortic clamps, the single-clamp group showed a 9% rate of persistent neurocognitive deficits as assessed by clinical examination and computed tomography imaging, as compared with 26% and 27% in the multiple-aortic manipulation and OPCAB groups, respectively. 18 It must be emphasized, however, that most of the published literature on the correlation between aortic manipulation and postoperative stroke is likely to be underpowered for clinical events. Assuming an incidence of postoperative stroke after CABG of 1%, 9300 patients are required to detect a 50% risk difference with 80% power, while the majority of the published series are less than half of this sample size.
Study Limitations and Strengths
This investigation is a retrospective study from a multicenter international group. The lack of prospective systematic analysis, as well as institutional differences in myocardial revascularization strategy, may have hampered the quality of the data and information. The surgical strategies varied across the participating centers, and selection biases regarding patient allocation to specific surgical strategy may be present.
Data included only elective procedures. The use of the intra-aortic balloon pump increased the incidence of strokes in all patients; therefore, the results might have been different if unstable and emergent patients were also included. Thus, the data and study findings should be interpreted with caution. Also, we have no information as to when the strokes occurred postoperatively, since a stroke noted immediately after surgery as opposed to >24 hours would more likely be attributable to intraoperative techniques.
Transient neurological deficits may not have resulted in computed tomography scans. Since patients with lesions documented on computed tomography only were reported, the overall incidence of neurological events attributable to aortic manipulation may have been underestimated. Moreover, the involvement of a neurologist in the diagnosis of stroke was not systematically reported. Furthermore, this study focused on in-hospital outcomes: postdischarge outcome was not addressed, but it may have played an additional role with respect to patient morbidity and mortality. Also, the rate of postoperative strokes resulting in transient versus permanent deficits or death was not consistently reported, as well as data on the use of antiplatelet agents, the incidence of calcified or atheromatous ascending aortas, and the use of epiaortic ultrasound.
We also did not detect significant differences between OPCAB and ONCAB when the single-clamp technique was used; hence, it may be speculated that OPCAB is as safe as ONCAB when there is less aortic manipulation.
Patient heterogeneity was addressed by employing propensity score matching and regression analysis, but this can account only for known and measured confounders. On the other hand, this study represents the largest study to date on the association between neurologic complications and CABG surgical strategy. The reported data represent a "real-life" scenario, and, as such, provide a reliable portrait of daily practice according to variable surgical preference.
Conclusions
The results of this analysis of more than 25 000 patients from 9 centers strongly suggest that the postoperative stroke rate and the degree of aortic manipulation are closely associated. OPCAB and the use of single aortic clamping in patients with ONCAB are both associated with a reduced incidence of postoperative strokes. When the single-clamp technique is used in patients with ONCAB, there is no difference in the incidence of strokes between patients undergoing CABG on or off cardiopulmonary bypass.
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